Fatty acids play important functional and protective roles in living systems. This paper reports on the synthesis of a previously unidentified 19 carbon furan-containing fatty acid, 10,13-epoxy-11-methyl-octadecadienoate (9-(3-methyl-5-pentylfuran-2-yl)nonanoic acid) (19Fu-FA), in phospholipids from Rhodobacter sphaeroides. We show that 19Fu-FA accumulation is increased in cells containing mutations that increase the transcriptional response of this bacterium to singlet oxygen ( 1 O 2 ), a reactive oxygen species generated by energy transfer from one or more light-excited donors to molecular oxygen. We identify a previously undescribed class of S-adenosylmethionine-dependent methylases that convert a phospholipid 18 carbon cis unsaturated fatty acyl chain to a 19 carbon methylated trans unsaturated fatty acyl chain (19M-UFA). We also identify genes required for the O 2 -dependent conversion of this 19M-UFA to 19Fu-FA. Finally, we show that the presence of 1 O 2 leads to turnover of 19Fu-Fa in vivo. We propose that furan-containing fatty acids like 19Fu-FA can act as a membrane-bound scavenger of 1 O 2 , which is naturally produced by integral membrane enzymes of the R. sphaeroides photosynthetic apparatus.
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radical scavenger | oxygenated fatty acid | fatty acyl methylase F atty acids have crucial, yet diverse, roles in biology. In cells and organelles, fatty acids maintain bilayer stability, provide a permeability barrier, act as secondary messengers in signaling pathways, and aid the function of integral membrane proteins (1) (2) (3) . Fatty acids also help maintain viability in response to temperature and environmental changes and can be targets for modification by reactive oxygen species or membrane-active agents (2) (3) (4) (5) (6) (7) (8) . Fatty acids, or the products derived from them, are valuable as food additives, specialty chemicals, and petroleum substitutes (9) (10) (11) (12) . Thus, there is considerable interest in understanding the suite of fatty acids that can be made by native or engineered pathways. We are studying the synthesis and role of fatty acids during stress responses.
Here, we demonstrate a previously unreported ability of the photosynthetic bacterium Rhodobacter sphaeroides to produce furan-containing fatty acids (Fu-FAs), an important, yet poorly understood, class of compounds. The presence of Fu-FAs has been reported previously in plants, fish, and some bacteria (13) . Based on their chemical properties, it is proposed that Fu-FAs could provide bilayer protection against radicals or organic peroxides that reduce membrane function (13) (14) (15) . The oxygen atom within Fu-FAs also provides a functional group for modifications that could increase their industrial value (13) .
We discovered the 19-carbon furan-containing fatty acid 10,13-epoxy-11-methyl-octadecadienoate (9-(3-methyl-5-pentylfuran-2-yl)nonanoic acid) (19Fu-FA) in phospholipids isolated from an R. sphaeroides mutant lacking an antisigma factor, ChrR, that has increased transcription of genes that are normally activated in the presence of the reactive oxygen species (ROS) singlet oxygen ( 1 O 2 ). In this and other phototrophs, 1 O 2 is a byproduct of light energy capture in integral membrane complexes of the photosynthetic apparatus (5, 16, 17) . Consequently, fatty acids or other membrane components are likely targets for damage by 1 O 2 (16, 17) .
Despite the proposed roles of Fu-FAs, little is known about how they are synthesized (13) . We report on proteins needed for the conversion of cis unsaturated fatty acids to 19Fu-FA. We show that a 1 O 2 -inducible protein (RSP2144) is an S-adenosyl methionine (SAM)-dependent methylase that synthesizes a 19-carbon methylated trans unsaturated fatty acid (19M-UFA) from cis vaccenic acid both in vivo and in vitro. We also identify gene products needed for the O 2 -dependent conversion of 19M-UFA to 19Fu-FA. Further, we demonstrate that the presence of 1 O 2 leads to the disappearance of 19Fu-FA in vivo. Based on our findings, we propose a pathway for Fu-FA synthesis and propose a protective role for compounds in the presence of a ROS like 1 O 2 .
Results
Increased σ E Activity Alters Cellular Fatty-Acid Composition. Fatty acids are targets for direct or indirect damage by ROS (1, (5) (6) (7) (8) 16) , particularly when ROS are produced by integral membrane enzymes in the respiratory chain or the photosynthetic apparatus (1, 7, 8, 16, 18) . The R. sphaeroides σ E protein activates a transcriptional stress response to 1 O 2 , a ROS that is generated by integral membrane proteins of the photosynthetic apparatus (16, 17, 19) . At least one ORF, which is a known member of the σ E regulon, RSP2144, encodes a protein with amino acid similarity to an enzyme predicted to modify fatty acids (16, 17, (19) (20) (21) . To test for σ E -dependent alterations in fatty acid composition, we prepared fatty acid methyl esters (FAMEs) to compare the fatty acid content of wild-type cells and mutant cells (ΔChrR; see Table 1 for strain designations), which have high σ E activity when grown aerobically in the absence of light because the antisigma Significance Fatty acids comprise a large class of compounds that serve broad roles in cells and society. These hydrophobic compounds provide integrity for biological membranes, make them impermeable to solutes and toxins, and modulate the cellular response to signals or stresses. Fatty acids, or the products derived from them, are also important as dietary supplements, lubricants, specialty chemicals, and fuels. Their potential utility in biology or industry could be increased by producing novel classes of fatty acids. This paper reports on the occurrence and synthesis of a newly discovered class of furan-containing fatty acid. It also provides evidence that furan-containing fatty acids scavenge toxic reactive oxygen species, suggesting a previously unnoticed role for this class of compounds in bacteria and other cells.
factor ChrR that normally inhibits σ E function has been inactivated (19, 20, 22, 23) .
In wild-type cells, we found the expected major FAME products (C18:1, C18:0, C16:1, C16:0) ( Table 2) , based on published fatty-acid analysis of R. sphaeroides (24) (25) (26) (27) . In ΔChrR cells, we observed the accumulation of two additional FAME products (retention times of ∼16.4 and 17.5 min in Fig. 1 ) and lower levels of the vaccenic acid (C18:1) FAME compared with wild-type cells (Table 2) . Thus, we conclude that increased σ E activity alters the cellular fatty acid composition. However, neither of the two additional FAME products in cells containing increased σ E activity elutes with compounds in bacterial fatty acid standard mixtures so we sought to determine their identity.
Identification of Additional FAMEs in Cells with
Increased σ E Activity.
The electron ionization (EI) (70 eV) mass spectrum of one unknown FAME (retention time ∼17.5 min in Fig. 1 ), which accumulates in cells with increased σ E activity, shows that it has an intact molecular ion mass of 322.2502 Da, corresponding to a molecular formula of C 20 H 34 O 3 ( Fig. 2A) . The fragmentation pattern has good correlation with a methyl ester of a 19-carbon furancontaining fatty acid, 10,13-epoxy-11-methyl-octadecadienoate (9-(3-methyl-5-pentylfuran-2-yl)nonanoic acid), as seen by the comparison with the reference spectrum in Fig. 2A [spectrum M11703; American Oil Chemists' Society (AOCS) Lipid Library]. This compound is hereafter referred to as 19Fu-FA.
The other unidentified FAME (retention time ∼16.4 min in Fig. 1 ), which also accumulates in cells with increased σ E activity, has an intact molecular ion mass of 310.2866 Da, corresponding to an elemental composition of C 20 H 38 O 2 ( Fig. 2B and Fig. S1 ). The EI mass spectrum of this FAME did not allow a definitive assignment of its identity so additional experiments were necessary. First, hydrogenation of the FAME led to a shift in retention time and an increase in the intact molecular ion mass by Percentage of the total fatty acid, with standard deviation in parentheses. Not determined (ND), <0.5% of the total FAME; N, number of biological replicates. *19M-UFA is 11-methyl-octadecenoate (n-6). † 19Fu-FA is 10,13-epoxy-11-methyl-octadecadienoate (9-(3-methyl-5-pentylfuran-2-yl)nonanoic acid). } of the (nonhydrogenated) unknown FAME. The ACN PCI MS/MS fragmentation pattern of this compound contains diagnostic fragment ions, α and ω, that localize the double bond in the acyl chain to position 12 and thus identify this unknown FAME as methyl 11-methyl-C18:1 (n-6) ( Fig. 2B ), hereafter referred to as 19M-UFA. Finally, we showed that 19M-UFA has a trans configuration around the double bond (Fig. S2 ). 19M-UFA is derived from cis-vaccenic acid so unsaturated fatty acyl methylase (UfaM) activity alters the isomeric state of the fatty acyl molecule as is reported for SAM-dependent methylases involved in mycolic acid biosynthesis (29, 30) .
To validate the assigned identity of these two FAMEs, we compared the behavior of synthetic standards of 19M-UFA and 19Fu-FA to those present in ΔChrR cells. We found that the fragmentation patterns of the synthetic 19M-UFA and 19Fu-FA were indistinguishable from the native 19M-UFA and 19Fu-FA FAMEs present in ΔChrR cells (Fig. S3 ). In addition, by using the synthetic FAMEs as quantitative standards, we estimated the relative cellular abundance of the 19M-UFA and 19Fu-FA. In aerobically grown wild-type cells, we found little of either the 19M-UFA or the 19Fu-FA ( Fig. 1 and Table 2 ), presumably because these cells have low σ E activity (19) . In contrast, in aerobically grown ΔChrR cells (which contain high σ E activity), ∼2.5% and ∼2.3% of the total FAME products are 19M-UFA and 19Fu-FA, respectively. In these cells, there is decreased abundance of vaccenic acid (C18:1) ( Fig. 1 and Table 2 ), suggesting that both of these previously undescribed fatty acids were derived from vaccenic acid.
RSP2144 Is a SAM-Dependent Fatty Acyl Methylase. The accumulation of 19M-UFA and 19Fu-FA and the reduction in vaccenic acid in ΔChrR cells could reflect the use of a monounsaturated fatty acyl chain as a substrate for synthesis of one or both of these products. RSP2144 is annotated as a SAM-dependent fatty acylmodifying enzyme with significant amino acid similarity to bacterial cyclopropane fatty acid synthase (16, 19, 21) . However, RSP2144 does not appear to catalyze this reaction because ΔChrR cells, which have increased RSP2144 expression (19, 21), do not contain detectable levels of a C19 cyclopropane FAME ( Fig. 1 and Table 2 ).
Thus, we considered the possibility that RSP2144 is a previously uncharacterized SAM-dependent unsaturated fatty acyl methylase (UfaM). To test this hypothesis, we asked whether purified recombinant His 6 -tagged RSP2144 was able to methylate fatty acids. We found that purified His 6 -RSP2144 catalyzed transfer of a 3 H-methyl group from methyl-labeled SAM into tricholoracetic acid (TCA)-precipitated material when incubated with a phospholipid substrate mixture isolated from an R. sphaeroides ΔRSP2144 mutant. The activity of the recombinant RSP2144 enzyme (V max ∼ 331 pmol·min
) and its apparent affinity for phospholipid substrate (K m ∼ 308 μM) (Fig. 3A) were comparable with other SAM-dependent fatty acyl-modifying enzymes (31, 32) . When the FAME products of this in vitro reaction were analyzed by GC-MS, we observed the accumulation of a product with a retention time and fragmentation pattern identical to the 19M-UFA [methyl 11-methyl-C18:1 (n-6)], which accumulates in ΔChrR cells (Fig. 3B) .
We also found that ectopic expression of His 6 -RSP2144 in either R. sphaeroides or an Escherichia coli cfa mutant leads to accumulation of 19M-UFA (Fig. 4C) . Unlike R. sphaeroides, E. coli contains significant amounts of C16:1 (n-7) fatty acyl chains in its phospholipids (2, 3) so preferential accumulation of 19M-UFA and the absence of a detectable methyl C17 FAME in this host could indicate that RSP2144 has some selectivity for methylation of vaccenic acid. However, in E. coli, there is a bias for having a C16:1 chain at position 2 of phospholipids (33) so the lack of accumulation of a 17-carbon M-UFA in this bacterium could also reflect a preference for UfaM to methylate acyl chains at the 1 position. As a control, we found that ectopic expression of E. coli cfa in its native host led to accumulation of C17 and C19 cyclopropane FAMEs (Fig. 4B) , as expected given the reported function of this enzyme (31, 32) . Thus, we conclude that His 6 -RSP2144 is a previously uncharacterized SAMdependent UFA methylase, which we hereafter call UfaM. RSP1091 Is Needed for Accumulation of 19Fu-FA. Ectopic expression of His 6 -RSP2144 in ΔRSP2144 cells resulted in accumulation of 19M-UFA (Fig. 1D) . However, both 19M-UFA and 19Fu-FA were accumulated in ΔChrR cells (Fig. 1B and Table 2 ), which have increased expression of RSP2144 and other proteins in the σ E regulon (21) . One interpretation of these data is that another σ E -dependent gene is needed to synthesize 19Fu-FA. Other σ E target genes in the putative RSP1091-1087 operon have amino acid sequence similarity to fatty acid-modifying enzymes (16, 19, 21) . Thus, we asked whether any of these proteins had a previously unrecognized role in fatty-acid modification.
To test this hypothesis, we analyzed the FAME content of aerobic cells that lacked ChrR and RSP1091 (20) . For this analysis, we used cells containing either an in-frame deletion in the RSP1091 coding sequence or ones that contained an insertion in RSP1091 that might have a polar (i.e., negative) effect on expression of the downstream genes RSP1090-1087 (20, 21) . Fatty-acid analysis of either of the ChrR/RSP1091 double mutants showed that they lacked detectable levels of 19Fu-FA present in the ΔChrR mutant (Table 2 ). However, both the ChrR/RSP1091 double mutants tested contained 19M-UFA that is present in a ΔChrR mutant. Thus, we conclude that RSP1091 is needed for synthesis of 19Fu-FA although we cannot determine from this experiment whether other genes in the putative RSP1091-1087 operon are also involved in the conversion of 19M-UFA to 19Fu-FA (Discussion).
Based on only these data, it was deemed possible that the RSP1091 protein either directly converts vaccenic acid to 19Fu-FA or, alternatively, that 19M-UFA produced by the RSP2144 protein could be an intermediate in a RSP1091-dependent pathway for Fu-FA synthesis. To distinguish between these possibilities, we compared the FAME content of cells lacking both ChrR and RSP2144 with cells lacking only ChrR. Analysis of FAMEs from the ChrR/RSP2144 double mutant showed that it lacked both the 19M-UFA and 19Fu-FA that are accumulated in ΔChrR cells (Table 2) . Thus, we concluded that 19M-UFA, as a product of RSP2144 activity, is needed to produce 19Fu-FA. In addition, we concluded that the RSP1091 protein, either alone or in conjunction with another σ E target gene, is needed to convert 19M-UFA into 19Fu-FA. 19Fu-FA. This result was somewhat surprising because the conditions used to produce 1 O 2 are known to be sufficient to increase σ E activity (19, 20) so we expected to see accumulation of 19Fu-FA. 1 O 2 can directly oxidize furan moieties and produce fatty acyl radicals from unsaturated fatty acids so it has been proposed that Fu-FAs can act as a scavenger for this and other ROS (14, 15, 34, 35) . Thus, the failure to observe alterations of the fatty-acid content when wild-type cells were exposed to 1 O 2 could reflect the ability of 19Fu-FA to scavenge this ROS or products of its action on bilayer constituents. To test this hypothesis, we monitored the effect of 1 O 2 on the fatty-acid content of ΔChrR cells that accumulate the furan fatty acid because they have increased σ E activity (Table 2) . We saw a time-dependent decrease in the abundance of 19Fu-FA after exposing ΔChrR cells to 1 O 2 generated by adding methylene blue to aerobically grown cultures in the presence of light (Fig. 5) . This decrease in abundance of 19Fu-FA was not observed in a control aerobically grown ΔChrR culture that was exposed to methylene blue in the dark (Fig. 5) or when aerobically grown cells were transferred to dark anaerobic conditions at time 0 (Fig. 5) . Thus, we conclude that this observed decrease in 19Fu-FA abundance required conditions that result in 
Discussion
This report demonstrates the accumulation of methylated and furan-containing fatty acids in R. sphaeroides and shows that a previously unidentified class of a SAM-dependent methylase (RSP2144, UfaM) and hypothetical protein(s) (RSP1091), respectively, are needed for their production. Our data indicate that both 19M-UFA and 19Fu-FA are synthesized from unsaturated fatty acids in cellular phospholipids using a previously uncharacterized set of enzymes (Fig. 6) . In addition, we show that formation of the ROS 1 O 2 leads to loss of 19Fu-FA, and we propose that this fatty acyl chain acts to scavenge reactive and potentially damaging products present in the bilayer upon 1 O 2 formation. Below, we place these observations in context, provide an explanation for our findings, and propose future experiments to answer questions posed by these results.
Identification of Gene Products Needed to Produce 19M-UFA and 19Fu-FA. We identified 19M-UFA and 19Fu-FA as unknown FAMEs present in a mutant strain of the photosynthetic bacterium R. sphaeroides. This mutant strain constitutively expresses stress response genes, such as RSP2144 and RSP1091, shown previously to be required for survival in the presence of 1 O 2 (16, 19, 20) . We show that RSP2144 is a SAM-dependent methylase that synthesizes M-UFA in R. sphaeroides, both in vitro when a recombinant protein is incubated with purified native phospholipids, and in vivo when heterologously expressed in E. coli.
RSP2144 was previously annotated as a cyclopropane fatty acyl synthase; however, it does not produce detectable levels of cyclopropane fatty acids (CFAs) in vivo or in vitro under any conditions tested. Instead, our data indicate that RSP2144 is a previously undescribed enzyme that produces a 19-carbon methylated UFA product: thus, the name UfaM. In addition, UfaM could have a preference for methylating vaccenic acid (C18:1) because we observed only a C19 methyl product when this protein was expressed in E. coli (which contains more C16:1 than C18:1 fatty acyl chains). Furthermore, the production of the trans isomer of 19M-UFA from cis-vaccenic acid predicts that SAMdependent fatty acyl methylation by UfaM uses a reaction mechanism similar to methylases involved in mycolic acid biosynthesis (29, 30) . This report also demonstrates that another σ E target gene, RSP1091 (16, 19, 21) , is needed for conversion of 19M-UFA to 19Fu-FA (Fig. 6) . We show that this conversion requires growth of cells under aerobic conditions, suggesting that O 2 is the source of the oxygen moiety in the furan ring. RSP1091 is annotated as a protein of unknown function (16, 19, 21) , but it is predicted to contain an N-terminal Rossman fold (putative pyridine nucleotide binding domain), a flavin-binding domain, and to be a fatty acyl-modifying enzyme (36, 37) . RSP1091 has yet to be characterized, but the presence of flavin and pyridine nucleotide cofactors could permit conversion of 19M-UFA into cognate 19Fu-FA in an O 2 -dependent manner. RSP1090 is also uncharacterized (19, 21, 36) so it is possible that RSP1091, along with RSP1090 and other proteins in the putative RSP1091-1087 operon, are needed for conversion of 19M-UFA into 19Fu-FA. Our data show that synthesis of 19Fu-FA requires the ability of cells to make 19M-UFA because the loss of UfaM prevents synthesis of 19Fu-FA. In this regard, it appears that methylation of the UFA creates a tertiary carbon in the acyl chain that is needed for subsequent conversion of 19M-UFA to 19Fu-FA.
Protective Role of 19Fu-FA in Scavenging ROS-Mediated Damage. We show that the conditions that lead to formation of 1 O 2 also result in turnover of 19Fu-FA in vivo. Under the conditions we used, ∼50% of 19Fu-FA is removed in one cell doubling (∼3 h for R. sphaeroides). This decrease is probably an underestimate of the turnover of this fatty acid in the presence of 1 O 2 because these cells are also capable of synthesizing new 19Fu-FA under these conditions. In addition, it is unclear precisely how much (19) , and carotenoids have typically been considered the major route for quenching this ROS in photosynthetic bacteria and other microbes (38) (39) (40) . Previous studies have shown that 1 O 2 kills cells lacking either UfaM (RSP2144) or RSP1091 proteins (20, 41) . We now know that both of these strains are unable to make 19Fu-FA. Combined, these observations indicate that synthesis of 19Fu-FA is required for viability in the presence of 1 O 2 , possibly because they can also scavenge and minimize cellular damage by this ROS.
Potential Role of 19Fu-FA as a Bacterial Second Messenger. It is not surprising that previous analysis of the fatty-acid content of wild-type cells did not detect the presence of 19Fu-FA (24) (25) (26) (27) . Transcription of the genes needed to synthesize 19Fu-FA requires high activity of the alternative sigma factor σ E , but, in the absence of 1 O 2 , σ E activity is inhibited because it is bound to an antisigma factor, ChrR (16, 19, 22) . We have shown that 1 O 2 formation leads to 19Fu-FA turnover in dChrR cells, explaining why one does not observe time-dependent changes in levels of 19Fu-FA after exposing wild-type cells to 1 O 2 . In contrast to the situation in wild-type cells, mutants lacking either UfaM or RSP1091 have defects in increasing σ E transcriptional activity (20, 41) . Based on this observation and the results of the experiments in this study, we propose that a product of either gene is needed to promote dissociation of a σ E -ChrR complex (20) . For example, the ability of 19Fu-FA to scavenge 1 O 2 could lead to accumulation of lipid peroxides that act as a second messenger to promote dissociation of the σ E -ChrR complex. In this model, the subsequent ChrR proteolysis in the presence of 1 O 2 (20, 41, 42) could be promoted by direct modification of this antisigma factor or by the activation of one or more proteases by a lipid peroxide.
ufaM (RSP2144) and the genes in the RSP1091-1087 operon are present across a wide group of α-and γ-proteobacteria (16, 21). In addition, in these other organisms, homologs of these genes are often predicted to be transcribed by a homolog of R. sphaeroides σ E , suggesting that they are members of a core regulon that is conserved across the bacterial phylogeny (21) . Thus, it would seem that 19Fu-FA synthesis in the presence of 1 O 2 and the potential use of the products of UfaM and RSP1091 activity as second messengers are conserved across bacteria.
In sum, we identified conditions and enzymes needed for bacterial synthesis of 19Fu-FA. Compounds predicted to be 19Fu-FA and 19M-UFA have been provisionally identified in bacteria before (43, 44) , but information on their cellular abundance, the enzymes needed for their synthesis, and their cellular role have not yet been reported. We also identified conditions to increase production of 19Fu-FA in both native and foreign hosts, such as E. coli. These studies pave the way to identify and characterize enzymes needed to synthesize large quantities of 19Fu-FA in bacterial systems. With large amounts of 19Fu-FA available, one can probe the interaction of 
Materials and Methods
Bacterial Strains and Growth. E. coli and R. sphaeroides strains were grown as described (19) . Mutant strains Δ1091/ΔChrR and 1091:sp R /ΔChrR were made using methods described previously (20) .
Purification of His 6 -RSP2144 Protein. pRLhisRSP2144 was generated by cloning the RSP2144 coding region into the NdeI and EcoRI sites of pET-28a(+) to produce an N-terminally hexahistidine-tagged protein (His 6 -RSP2144). A 500-mL culture of log phase BL21DE3 E. coli cells, containing pRLhisRSP2144, was exposed to 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 h at 28°C to induce expression of His 6 -RSP2144. The cells were harvested by centrifugation, and the resulting pellet was resuspended in lysis buffer [25 mM Hepes (pH 7.5), 150 mM KCl, 20 mM imidazole, 10% glycerol (vol/vol), 1 mg/mL lysozyme, and 1× Halt protease inhibitor (Pierce)], sonicated on ice, pulsing every 20 s, for 7 min, and centrifuged for 1 h at 50,000 × g. The resulting supernatant was passed over a 4-mL Ni-NTA agarose column (Novagen) and washed with 50 mL of wash buffer [25 mM Hepes (pH 7.5), 150 mM KCl, 50 mM imidazole, and 10% glycerol], and protein was removed with a 16-mL elution buffer [25 mM Hepes (pH 7.5), 150 mM KCl, 250 mM imidazole, and 10% glycerol]. Fractions containing the most protein were combined and concentrated using a YM10 centrifugal filter (Millipore) and dialyzed into 50 mM Hepes, 10 mM sodium bicarbonate, and 50% glycerol. Small portions were aliquotted and stored at −80°C. Protein concentration was estimated using the Bradford Assay (Bio-Rad).
In Vitro Assay of His 6 -RSP2144 Activity. The phospholipid substrate was purified from a ΔRSP2144 strain, and a phospholipid micelle solution (in water) was created (45) and quantitated by a lipid phosphorous assay (46) . Each enzyme reaction contained 0.06-1.04 mM phospholipid, 4.4 μM His 6 -RSP2144 protein, 20 mM potassium phosphate buffer (pH 7.4), 0.5 mg/mL BSA, and 750 μM SAM (Sigma) with a specific activity of 25 μCi/μmol (Perkin-Elmer). The reactions were incubated at 30°C, and individual time points were taken by placing 100-μL aliquots into 1 mL of 10% trichloroacetic acid (vol/vol). The solutions were filtered over Whatman GF/c glass filter fibers on a 1225 sampling manifold (Millipore), followed by three washes with 1 mL of 10% trichloroacetic acid and three washes with 1 mL of water. The filters were put into 5 mL of Optiphase scintillation fluid (Perkin-Elmer) and incubated at room temperature overnight before determining radioactivity on a scintillation counter. The results of duplicate assays were averaged, and the reaction rate was calculated by plotting radioactivity versus time for each concentration of phospholipid. The rates were averaged between two independent experiments. Fatty Acid Methyl Ester Content. All samples from methylene blue-treated cells were kept in the dark until FAMEs were generated and extracted into hexane before analysis by GC-MS. Equal cell numbers, of up to 4 mL of cell culture, were added to 8 mL of 1:1 vol/vol methanol:chloroform (9) containing 50 μg or 100 μg of pentadecanoic acid as a recovery standard (pentadecanoic acid is not detectable in R. sphaeroides fatty acids). The suspension was vigorously agitated and centrifuged at low speed to separate the phases. The organic phase was removed, dried under N 2 , and lyophilized for 1 h. FAMEs were prepared by resuspending the dried materials in 600 μL of anhydrous methanol (Sigma), adding 100 μL of sodium methoxide (Sigma), and incubating at room temperature for 3 h (47). The reaction was stopped by adding 600 μL of 2 M HCl, and FAMEs were extracted with 600 μL of hexane. Then, 1 μL of each sample was analyzed on an Agilent 7890A/5975C GC-MS with differing split ratios with an HP-5ms capillary column and He carrier gas (20 cm/s at 150°C) using one of two oven programs: (i) 150°C isothermal for 4 min, 4°C/min ramp to 250°C, and isothermal at 250°C for 5 min; or (ii) 150°C isothermal for 4 min, 6°C/min ramp to 245°C, isothermal at 245°C for 2 min, 80°C/min ramp to 325°C, and isothermal at 325°C for 2 min. Chromatograms and mass spectra were analyzed using Agilent GC-MS ChemStation (version E.02.00.493) and MassHunter software (version B.06.00; Agilent Technologies) and compared with the NIST MS Search 2011b library. For quantification, a set of appropriate FAME standard curves were created from a mix of Supelco C8-C24 standards (for C16:0, C16:1, C18:0), C15:0, C18:1 (Sigma), methyl 11-methyl-octadecenoate (n-6) (19M-UFA), and 10,13-epoxy-11-methyl-octadecadienoate (19Fu-FA) (Larodan). The MassHunter integration peak filter was set to >5% of the largest peaks; peak area was integrated for ions diagnostic for each FAME (m/z 74 for C15:0, C16:0, C18:1, and C18:0; m/z 55 for C16:1; m/z 69 for 19M-UFA; and m/z 165.1 for 19Fu-FA). The integrated areas were normalized to the recovery standard (C15:0), and each FAME was converted to a percentage of the total fatty acids, followed by averaging data from technical duplicates. Biological duplicates were averaged, and the SD was calculated.
Ectopic Expression of RSP2144 in R. sphaeroides and E. coli. pRL101 was created by cloning the His 6 -RSP2144 gene from pRLhisRSP2144 into the NdeI and HindIII sites of pIND5. This plasmid and pAYW19 (containing E. coli cfa) were then transformed into the E. coli strain JW1653, which lacks cfa (48, 49). JW1653 was obtained from the Keio collection, and the Kn r gene was removed before use (48) . Triplicate biological cultures were separately treated with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) before preparing FAMEs (see Fatty Acid Methyl Ester Content section in Materials and Methods).
Hydrogenation of FAME Samples. FAMEs were dried under N 2 , dissolved in 10 mL of (1:2 vol/vol) chloroform:methanol with 15 mg of 5% platinum on activated charcoal (50) . The reaction tubes were fitted with stoppers and sparged with a 95% N 2 /5% H 2 gas mixture for 1 h. The tubes were centrifuged twice to remove the charcoal, filtered through glass wool in a Pasteur pipet, and analyzed by GC-MS.
Identification of Unknown FAMEs. Gas chromatography was performed on a Trace GC Ultra (Thermo Electron) equipped with a CTC Analytics GC PAL autosampler (Zwingen) using a 30 m × 0.25 mm (i.d.) × 0.25 μm (d f ) Crossbond 5% diphenyl/95% dimethyl polysiloxane column (Restek Rxi-5Sil MS) and He as carrier gas. Mass spectrometry was performed on a breadboard GC/quadrupole-Orbitrap MS.
A FAME mix of 26 compounds in methyl caproate was used for chromatographic and MS source optimization (Sigma). Samples in hexane (1 μL) were injected via the hot-needle technique at various split ratios depending on sample concentration, with an injector temperature of 250°C, He flow rate of 1 mL/min, and the following oven program: 1 min isothermal at 150°C, 15°C/min to 250°C, 1 min isothermal at 250°C, 80°C/min to 320°C, and 2 min isothermal at 320°C. The transfer line and source temperatures were 280°C and 250°C, respectively. Samples were ionized via EI or positive CI (PCI) using acetonitrile (ACN) as the reagent gas (70 eV). Full-scan analyses used a scan range of 75-400 Th, resolution of 17,500, automated gain control (AGC) target of 1E6, and maximum injection time of 100 ms. Targeted MS/MS analyses used a 3 Th isolation width, normalized collision energy of 25 eV, resolution of 17,500, AGC target of 1E6, and maximum injection time of 250 ms.
To enable ACN PCI, a 250-μm (i.d.) fused silica capillary connected an ACN reservoir (6 mL) directly to the MS source through the heated transfer line. A two-holed ferrule was used to permit entry of both the GC column and ACN capillary into the transfer line. Although the column extended into the source, the ACN capillary was set back ∼5 cm from the source to prevent interference with the GC eluent. A medium-flow metering valve (Swagelok) was placed between the reservoir and transfer line to regulate the flow of ACN into the source. A source pressure of 7.1E−5
